The sodium potassium pump (Na + ,K + -ATPase) shows a high selectivity for K + over Na + binding from the extracellular medium. To understand the K + selectivity in the presence of a high concentration of competing Na + ions requires consideration of more than just ion binding affinities. Here, equilibrium-based calculations of the extracellular occupation of the Na + ,K + -ATPase transport sites by Na + and K + are compared to fluxes through Na + and K + transport pathways. The results show that, under physiological conditions, there is a 332-fold selectivity for pumping of K + from the extracellular medium into the cytoplasm relative to Na + , whereas equilibrium calculations alone predict only a 7.5-fold selectivity for K + . Thus, kinetic effects make a major contribution to the determination of extracellular K + selectivity.
Selectivity for Na + and K + ions is crucial to animal physiology [1] . Selective Na + and K + channels enable ion diffusion between the inside and outside of cells and are responsible for action potentials allowing nerve signal transmission and muscle contraction [1, 2] . In Na + channels, Na + selectively binds from the extracellular medium where the concentration of Na + is already high and the concentration of competing K + ions is low. Similarly, K + binds to K + channels from the cytoplasm where the K + concentration is already high and the concentration of competing Na + ions is low. In contrast, in the mechanism of the Na + ,K + -ATPase, K + ions must bind from the extracellular medium, where the concentration of competing Na + ions is much higher than that of K + . Therefore, the ion selectivity of the Na + ,K + -ATPase needs to be much more stringent than that of ion channels. In principle, there are two contributions to ion-transporting selectivity: firstly, the equilibrium binding affinities of the enzyme for either Na + or K + , and secondly, the kinetics of Na + conformation and a sodium occluded (Na 3 ). E1P-ADP state [3, 4] . It was suggested that ionic radii play a role in selective binding of Na + to the E1 state, especially to the third ion binding site, site III [4] . Based on recent theoretical calculations, it has been suggested that ion hydration is a further important factor which determines the selectivity of Na + channels for Na + over K + ions within the channel's selectivity filter [5] . Previous crystal structures of the Na + ,K + -ATPase have shown the E2 conformation of the enzyme preferentially binds two Rb + ions (as a K + analogue) or two K + ions [6] [7] [8] . Based on a combination of structure-based molecular dynamics simulations and electrophysiological experiments, Yu et al. [9] . proposed that the protonation of key acidic amino acid residues of the Na + ,K + -ATPase is essential for K + selectivity on the extracellular face of the protein. Structure-based energy simulations can in principle explain differences in equilibrium ion binding affinities. However, as Yu et al. [9] . pointed out, conductive selectivity of an ion pump could also be a result of kinetic factors. Furthermore, it is important to bear in mind that the Na + ,K + -ATPase is not in equilibrium and its ion pumping activity occurs on the millisecond-second timescale, a timeframe not currently accessible to molecular dynamics simulations, and that equilibrium-based calculations of binding affinities to particular enzyme conformations are based on assumptions of slow subsequent reactions, that is, slow occlusion or dephosphorylation. Therefore, to fully understand the basis for the selective inward pumping of K + by the Na + ,K + -ATPase, it is necessary to consider both the thermodynamics and the kinetics of the enzyme.
In the conventional Albers-Post scheme of Na -ATPase. Here, the aim is to dissect the relative contributions of pure ion binding affinities (i.e., equilibrium effects) and kinetically induced perturbations of ion binding affinities due to subsequent reactions to the overall extracellular ion selectivity of the protein.
Materials and methods
Computer simulations of the steady-state Na + ,K + -ATPase turnover were performed using the commercially available program BERKELEY-MADONNA 8.0 (University of California at Berkeley, Berkeley, CA, USA) and the variable step-size Rosenbrock integration method for stiff systems of differential equations. The simulations yielded the time course of the concentration of each enzyme intermediate involved and the steady-state flux through each of the enzyme's parallel pathways. For the purposes of simulations, each enzyme intermediate was normalized to a unitary concentration and the enzyme was assumed arbitrarily to be initially totally in the E1 state. To determine the steady-state flux through each pathway, each simulation was carried out until the distribution between the different enzyme states no longer changed and the fluxes reached constant values. The entire kinetic model is shown in Fig. 1 .
Results and Discussion
Kinetic simulations based on the model shown in Fig. 1 . Taking the ratio of the two percentages given above amounts to a K + inward transport preference over Na + of 332 : 1. In the absence of any preference for either ion, that is, simply based on the extracellular ion concentrations [13] , the ratio would be 0.0286 : 1 (4 mM K + ; 140 mM Na + ). Thus, equilibrium and kinetic factors together in fact produce an enhancement of the relative frequencies of K + inward transport over Na + by a factor of 11 620. The kinetic simulations show that the 3Na
+ pathway is almost exclusively favoured under physiological conditions. The question is whether binding affinities alone can account for the high preference for the 3Na + /2K + pathway or whether kinetic factors play an important role.
To determine the contribution of ion binding affinities to extracellular ion selectivity of the Na + ,K + -ATPase, the degrees of occupancy of all of the E2P forms of the enzyme need to be determined, because this state of the enzyme has the ion binding sites facing the extracellular medium (Fig. 1) . Na + and K + bindings to the E2P state are described by the following series of seven equilibria: + and E2P states relative to all possible E2P states are given by Eqns (1)- (7), respectively, where the denominator, D, in each equation is given by Eqn (8). Kinetic contribution to extracellular Na + /K + selectivity E. Vleeskens and R. J. Clarke
Based on Eqns (1)- (8), the fraction of enzyme in each E2P state (Table 1) ] o = 4 mM [13] . The voltage across the cell membrane, V m , at 24°C was taken to be À0.079 V, previously calculated from the Goldman-Hodgkin-Katz (GHK) equation [11] . The values of the dissociation constants used in the calculations were determined using Na From the results shown in Table 1 , it can be seen that the percentage of the enzyme in the E2PK þ 2 conformation, that is, the state immediately prior to occlusion of 2K + and dephosphorylation of the enzyme (Fig. 1) In summary, although the E2P conformation of the Na + ,K + -ATPase does bind K + ions extracellularly much more strongly than Na + ions, because of the high degree of competition from the much higher concentration of Na + ions in the extracellular medium relative to K + , the stronger K + binding affinity alone is insufficient to explain the virtual exclusive pumping of K + ions from the extracellular medium into the cytoplasm under physiological conditions. As recently pointed out by Rui et al. [18] , the Na + ,K + -ATPase overcomes this problem by having a much higher activation energy barrier for the occlusion of Na + than K + . Rui et al. [18] . referred to this as a 'self-correcting occlusion' mechanism. Thus, kinetics also makes a major contribution towards the enzyme's extracellular selectivity for K + . After K + ions bind to the E2P conformation, a conformational change of the protein occurs, occluding the ions within the protein matrix so that they have no access to either the extracellular medium or the cytoplasm. Although this 
